Fusarium head blight (FHB, caused by Fusarium graminearum) is a severe disease which threatens the yield and quality of harvested grain products, and hence causes major economic losses in wheat (Triticum spp.) and other small grain cereals. One of the infection routes for the pathogen is believed to be through the extruded anther. In order to study the role of the anther on FHB infection, FHB resistance was measured among wheat (Triticum aestivum L.) cultivars with non-extruded infertile anthers in cytoplasmic male sterile (CMS) lines and with extruded fertile anthers in their alloplasmic maintainer lines, and in an unrelated restorer line. We artificially inoculated the lines with F. graminearum (isolate NE 90) at 1.0 × 10 5 or 2.0 × 10 5 spores mL -1 for 72 or 96 hours. The results indicated that CMS cultivars were significantly more resistant than the maintainer and restorer cultivars. As the CMS lines differed from the maintainer lines by cytoplasm, anther health, anther extrusion, and seed set, additional experiments are needed to determine the role of each factor in infection. However, this research indicates that fertile anthers most likely are an important part of the infection pathway and of susceptibility to FHB.
Introduction
Scab or Fusarium head blight (FHB, Fusarium spp.) remains a severe and common disease of wheat (Triticum spp. L.) and other small grains. This disease is caused by a complex of 17 species of which F. graminearum, F. culmorum, F. avenaceum, F. poae and Microdochium nivale are predominant (Parry et al. 1995; Brennan et al. 2007; cited Audenaert et al. 2009 ). In addition to grain yield losses, the infected grains are contaminated with the mycotoxin deoxynivalenol (DON) and are frequently shriveled. The contaminated grain with high levels of DON is toxic to livestock and humans (McMullen et al. 1997; Jones and Mirocha 1999) thus increasing the economic loss. Fusarium head blight is economically one of the most serious fungal diseases of wheat in many regions of the world (Tomasovic et al. 2007 ). In recent years, FHB remains endemic in Europe, North America, and Asia, especially in China under favorable environmental conditions. In the Northern Great Plains of the US, an economic loss of US$2.7 billion has been attributed to FHB over the period 1998 to 2000 (Nganje et al. 2004) . Under the auspices of the US Wheat and Barley Scab Initiative (USWBSI; http//www.scabusa.org) researchers launched a major effort to reduce the economic impact of FHB on the wheat and barley (Hordeum vulgare L.) industries (Brown-Guedira et al. 2008) . Since 2007, epidemics of FHB have occurred in the Central Great Plains, causing significant economic losses in hard winter wheat in the states of Kansas, Nebraska and South Dakota (USWBSI, 2007 (USWBSI, -2011 cited in Hernandez Nopsa et al. 2012) . In 2012, approximately 1,640,000 hectares were lost due to scab which was 68.3% of the wheat acreage in the Huang-Huai Area in China. This percentage loss is the highest in China's recorded history (Dai 2012) .
The breeding and cultivation of resistant wheat cultivars is the most promising strategy to reduce the risk of FHB (Groth et al. 2011) . Resistance or tolerance to FHB can take many forms from nuclear resistance genes or QTLs (e.g. Fhb1) (Cuthbert et al. 2006) to mechanical resistance where the infection pathway is blocked. Wheat pathologists have been interested in the importance of anthers in FHB infection since 1933 when the first symptoms of FHB appeared on non-extruded anthers of wheat (Pugh et al. 1933) . In 1971, Strange and Smith observed a prolific mycelial growth on anthers of wheat. In 1974, Strange et al. isolated and characterized betaine and choline as fungal growth stimulants resulting in prolific F. graminearum growth. These chemicals were found in greater concentration in the anthers than in other parts of the florets (Strange et al. 1974) . Miller et al. (2004) also found that F. graminearum had high affinity to anthers and pollen. However, Kang and Buchenauer (2000) reported the presence or absence of anthers was not important in infection. The initial infection was not necessarily through anthers, but anthers and pollen promoted hyphal growth. Thus, the presence of anthers in florets could increase disease severity. Later studies have also highlighted the importance of anther extrusion. Kubo et al. (2010) found that cleistogamous lines initially had reduced FHB infection, but chasmogamous lines were not different for kernel shriveling or mycotoxin levels. Furthermore, Kubo et al. (2013) found minor differences in anther extrusion affected FHB resistance in wheat. In this study, again, lines with cleistogamous flowers had lower FHB symptoms, as did lines with rapid anther extrusion. However, lines with partial anther extrusion had the highest levels of FHB symptoms. In other studies, some wheat genotypes with high levels of anther extrusion tended to develop less FHB and had lower levels of DON (Skinnes et al. 2010) . Liu et al. (2013) found that anther extrusion and plant height were negatively correlated with FHB severity. In summary, many researchers have reported that anthers play a critical role in FHB infection, but other research indicated there are other infection pathways including glumes (Tu 1930; cited in Kang and Buchenauer 2000) , spikelets or rachis (Schroeder 1955; cited in Kang and Buchenauer 2000) .
Cytoplasmic male sterility (CMS) is determined by nuclear genes interacting with the cytoplasm. The cytoplasm in wheat is maternally inherited. When CMS is present, the anthers are shriveled and non-functional. In 1951, Kihara first discovered CMS in wheat (Song and Hedgcoth 1993) . Later, Wilson and Ross (1962a, b) discovered Triticum timopheevi Zhuk could be used for CMS and created three matched lines that were called the male sterile, maintainer, and restorer lines. The interest in CMS in wheat is that it can be used to create hybrid wheat. In hybrid seed production, the CMS line is the female and eliminates the need for hand or chemical emasculation. Cytoplasmic male sterile lines also provide a way to look at the role of anthers in FHB infection. If the anthers are one part of an essential infection pathway for F. graminearum, CMS lines without this infection pathway due to shriveled, non-functional and non-extruded anthers should be more resistant to FHB compared to the maintainer and restorer lines (both of which have fertile, extruded anthers). Matsui et al. (2002) studied the effect of cytoplasm and sterile anthers in barley (Hordeum vulgare L.). Barley plants in CMS cytoplasms that did not produce pollen had lower FHB damage than plants that did produce fertile pollen (e.g. restored alloplasmic near-isogenic lines). The investigators concluded that viable pollen and fertile anthers were important for FHB infection. The objective of this research was to compare FHB resistance in CMS wheat cultivars with their alloplasmic maintainer lines and with an unrelated restorer line. The results will also be important for hybrid production fields where the female line flowers are open for extended periods of time during pollination.
Materials and Methods
The study was conducted in a greenhouse at the University of Nebraska, Lincoln, Nebraska, USA. Five cultivars including two CMS lines, '77(2)' and 'Yanshi NO.9' (T. timopheevi cytoplasm); two corresponding alloplasmic maintainer lines of 77(2) and Yanshi NO.9 (T. aestivum cytoplasm, hence male fertile; hereafter referred to as 'M 77(2)'and 'M Yanshi NO.9'); and an unrelated restorer line of 'R113' (T. timpoheevi cytoplasm, but with nuclear restorer genes, hence male fertile) were used in this study. All five lines are early-maturing hard red, semi-dwarf winter wheat lines from Shaanxi, the dominant area for winter wheat in China (Zhang et al. 2009 ).
All five lines were seeded and allowed to grow as seedlings after which they were vernalized for 6 weeks at 7 °C with 12 hours of light and 12 hours of dark before being transplanted into 15 cm pots. Each pot was considered as one replication. The transplanted plants grew until flowering. F. graminearum (isolate NE 90) inoculum was increased on potato dextrose agar (PDA) medium. Spores were quantified using a hemocytometer, adjusted to the final concentration of 1.0 × 10 5 spores mL -1 , and kept in a 50 mL Falcon tube at 4 °C until needed for inoculation (Hernandez Nopsa et al. 2014) . Spray inoculations were performed at mid-anthesis using a hand-held mist sprayer. Mid-anthesis was considered as 50% of the spike had extruded anthers. For CMS lines, this stage was estimated by head size and the fertile alloplasmic line having extruded anthers. Each randomly chosen spike was sealed in a transparent plastic bag for 72 hours after spray inoculation. The bags ensured high humidity which is favorable for infection. There were three experiments in this research. For experiment 1, six spikes were selected per replication, eight replications for each cultivar; for experiment 2, four spikes per replication and fif-teen replications for each cultivar; and for experiment 3, four to six spikes per replication and thirteen replications for each cultivar were used. Because there were multiple replications and multiple spikes per replication, each cultivar was inoculated on different dates within a 10 to 15 day period. Based upon the results with low infection from experiment 1 (1.0 × 10 5 spores mL -1 bagging for 72 hours), experiment 2 was conducted using 2.0 × 10 5 spores mL -1 and bagging the spikes for 72 hours, and experiment 3 was conducted using 2.0 × 10 5 spores mL -1 and bagging the spikes for 96 hours which was 24 hours longer inoculation comparing with experiment 2.
Disease assessment was done 21 days after the plastic bags were removed (24 to 25 days after mid-anthesis) in all three experiments. Disease was visually assessed as disease severity (%) which is the percentage of diseased spikelets on a spike (Hernandez Nopsa et al. 2014 ). The final disease severity for a given treatment was the average of disease severity values on all spikes assessed in that treatment.
Data were subjected to analysis of variance using the general linear models (GLM) procedure using SAS version 9.2 (SAS Institute, Cary, NC). Data from experiments were analyzed separately and then subjected to a combined analysis based on a homogeneous error variance among the experiments (Gomez and Gomez 1984; Steel et al. 1997 ). The least significant difference (LSD) test at P = 0.01 was used to compare pairs of treatment means.
In addition, a contrast was modeled using disease severity in CMS 77(2) and Yanshi NO.9 vs. M 77(2) and M Yanshi NO.9. A contrast was also modeled using disease severity in the maintainer lines of 77(2) and the maintainer of Yanshi NO.9 vs. the unrelated restorer of R113. The first contrast was done to highlight the difference among alloplasmic lines which greatly differed in cytoplasm, anther health and extrusion, and seed set. The second contrast compared male fertile lines which differed in nuclear and cytoplasm genes.
Results
Analysis of variance identified that significant differences existed among the cultivars for Fusarium head blight severity in experiments 1 and 2 and over all three experiments. With the cultivars being significantly different, the over experiments contrasts were done to determine where those differences were (Tables 1 and 2 ). 77(2) was significantly more resistant than M 77(2) (P < .0001) and R113 (P < .0001). Yanshi NO.9 was significantly more resistant than R113 (P = 0.0002) but not significantly different from M Yanshi NO.9 (P = 0.1770) ( Table 2 ). The contrast of CMS 77(2) and Yanshi NO.9 vs. R113 (restorer) indicated that the CMS lines were significantly more resistant to FHB than the restorer line (P < .0001). The contrast of the maintainer lines of 77(2) and the maintainer of Yanshi NO.9 vs. R113 line was not significant (P = 0.9229).
Each experiment was also considered separately to study the effects of low, moderate, and high levels of infection (Fig. 1) . In experiment 1, the disease severities of the five cultivars were under 0.1 except M 77 (2) which was about 0.13 (Fig. 1) . Disease severity of the two CMS lines, 77(2) and Yanshi NO.9, was significantly lower than that of their maintainer lines and the unrelated restorer line. In experiment 2 with twice the inoculum concentration, disease severity was higher than in experiment 1 as expected. 77 (2) was not significantly different from Yanshi NO.9, but significantly lower than M 77 (2), M Yanshi NO.9, and R113. Yanshi NO.9 was lower, but not significantly different from M Yanshi NO.9, but was significantly lower than M 77(2) and R113. In experiment 3, dis- Figure 1 . Average disease severity of five lines differing in their cytoplasm and male fertility inoculated in three experiments with different levels and for different durations with F. graminearum (isolate NE 90) Means within each experiment followed by the same letter are not significantly different according to the least significant difference test at P = 0.01 (2)) and 0.92 (M 77 (2)). Differences among M 77(2), Yanshi NO.9, M Yanshi NO.9 and R113 in this experiment were minimal compared with the previous two experiments. However, 77(2) was significantly lower than M 77(2). Due to the higher level of inoculum and longer infection period, the disease overwhelmed the resistance of most of the cultivars which had similar levels of FHB infection.
Discussion
Artificial inoculation is a method that can be used to investigate general resistance to FHB. In this study, the CMS line of 77 (2) with non-functional anthers was significantly more resistant than M 77(2) at all levels of FHB infection and generally lower than the cultivars with fertile anthers. Yanshi NO.9 was significantly lower than M Yanshi NO.9 at low levels of infection, however, at higher levels of infection, it was not significantly different from M Yanshi NO.9. These results indicated that the non-functional anther, the T. timopheevi cytoplasm, or the lack of seed reduced disease severity at low levels of infection and depending upon the nuclear background even at higher levels of infection. Anthers are considered to be the main site of initial or primary infections by F. graminearum (Shaner 2003) . Therefore, the absence of anthers can confer resistance to initial infection. This resistance is one of two major categories of resistance to FHB: resistance to initial infection (Type I), and resistance to pathogen spread in infected tissue (Type II) (Shroeder and Christensen 1963) . Our results are in agreement with those of Kubo et al. (2010 Kubo et al. ( , 2013 who found the severity of FHB infection in cleistogamous (closed flowering) recombinant inbred lines (RILs) and double haploid lines (DHLs) of wheat to be significantly lower than in chasmogamous (opened flowering) RILs and DHLs, hence demonstrating that the closed-flowering (no anther extrusion) characteristic was effective in increasing resistance to FHB infection. In their experiments, the lines set seed, hence seed set did not affect disease severity (as may have occurred in our experiments).
To consider the effect of the cytoplasm, we contrasted the maintainer lines with the unrelated restorer line (all lines have functional anthers, but differ in their cytoplasm and nuclear genes) and found that the three lines were not significantly different. In this case, the contrast could be explained by either: for lines with fertile anthers, the cytoplasm had no effect, or the genes in the nuclei of the three lines affected response due to the cytoplasm. Basically the results could also be explained if T. timopheevi cytoplasm is more resistant than T. aestivum cytoplasm, but the three lines had the same disease response if the restorer line had genes in the nucleus that increased the level of susceptibility so that the cytoplasmic resistance effects were reduced or masked by nuclear genes. The three lines all set seed, so the presence of seed may explain our results. The three fertile anther lines which set seed all had higher disease severity than the CMS lines which did not set seed, however, previous research by Kubo et al. (2010 Kubo et al. ( , 2013 indicated seed setting did not affect disease severity. Seed setting alone may not fully explain our results. In experiment 3, the disease severity for all cultivars was from 0.80 to 0.92. Hence the presence or absence of seed, the differences in cytoplasm, or the presence or absence of fertile anthers, did not greatly reduce the disease severity when the inoculum was higher and bagging period was longer. In experiment 3, the high disease pressure overwhelmed whatever resistance was found in experiments 1 and 2 which had low to moderate disease pressure. Experiment 3 also indicated that seeded cultivars and non-seeded cultivars can have the same result. It is possible that the observed higher disease severity at the higher inoculum concentration and longer bagging period was due in part to a lack or overwhelming of Type II resistance in all the cultivars. Using misted heads with high spore concentrations and long inoculation periods, could lead to so many Type I infections that the spread from these initial infection points (Type II resistance) had no effect. Based on the results in this study, we believe that non-extruded infertile anthers play an essential role in Type I FHB resistance in winter wheat especially at low inoculum concentrations. These result and conclusion agree with those of Matsui et al. (2002) who studied the effect of sterile and fertile anthers in CMS with and without restorer genes and in fertile euplasmic lines of barley. They are also consistent with the results of Kubo et al. (2010 Kubo et al. ( , 2013 . Our results are contrary to some previously published studies that showed that inoculated wheat spikes were invaded at other easily penetrable parts of the floret regardless of the anthers (Kang and Buchenauer 2000) . This difference between our results and those of Kang and Buchenauer (2000) may be due to different lines being used, or to different disease protocols. The reason for significantly higher resistance in CMS cultivars with non-extruded infertile anthers compared with their corresponding maintainer and restorer is not known. Research by Miller et al. (2004) found that F. graminearum had high affinity to anthers and pollen. However, in 2010 Skinnes et al. reported that wheat genotypes with high levels of anther extrusion tended to develop less FHB and had lower levels of DON contamination. Hence, there may be multiple infection pathways, some of which are through anthers and others are not.
Based on these results, we conclude that the anther is most likely an important pathway of FHB infection. The disease severity showed significantly higher resistance in CMS lines though it varied with the genetic background and the inoculation protocol. Moreover, greater severity including Fusarium damaged kernels and the mycotoxin DON should be taken into account to characterize a cultivar as resistant or susceptible to FHB (Hernandez Nopsa et al. 2012) . Differences in environmental conditions and periods of anthesis often hamper the interpretation of infection data with regard to cultivar resistance measured in the field (Doohan et al. 2003; Brennan et al. 2007; Cowger and Arrellano 2010) . Further investigation is warranted on CMS, maintainer and restorer lines to deter-mine whether the resistance to FHB is caused by cytoplasmic differences, nuclear genes, or their interaction, as well as, how scab may affect future hybrid wheat production fields where CMS or chemical hybridizing agents will be used to create male sterile plants with shriveled or infertile anthers.
